Introduction
============

Cocaine is a widely abused drug that possesses a significant health concern with major social and economic ramifications. Cocaine addiction is a process that generally starts with recreational use and deteriorates over time into a compulsive and chronic-relapsing drug taking disorder.^[@bib1]^ Despite long-standing efforts to identify compounds capable of selectively inhibiting the addictive effects of cocaine, there are currently no approved medications for the treatment of cocaine abuse or toxicity. Nevertheless, addiction is a complex pathology, multifactorial, which may explain why the clinical trials performed to evaluate the therapeutic potential of pharmacotherapies are unsatisfactory. Several parameters can and should be taken into considerations, including the pattern of administration, and the transient or long-lasting neurochemical and behavioral abnormalities following drug administration.

To achieve a good understanding of the neuroadaptations induced by cocaine, the use of animal models provides enormous potential, through a coordinated analysis of brain function and behavior. As previously mentioned, the pattern of administration and the kinetics of the neuroadaptations are important factors that should be taken into consideration. Several studies reinforce this hypothesis.^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ In addition, our laboratory has already studied the effects of manipulating the frequency of available injections by using a discrete trials procedure, showing that two different patterns of morphine treatment induced distinct behavioral and neurochemical consequences with different time courses.^[@bib6]^ Cocaine exerts its pharmacological action through the monoamine systems. In particular, dopamine (DA) projections to the striatum have been implicated greatly in reinforcement and motor behaviors produced by cocaine.^[@bib7]^ Thus, the first aim of our study was to investigate and compare the spontaneous behavioral and neurochemical consequences of two 14-day chronic cocaine pretreatment regimens (intermittent versus binge), both of which are used extensively in laboratories to mimic patterns of cocaine abuse in humans. Extracellular DA levels were evaluated 1 (WD1) and 14 (WD14) days after the last cocaine injection. In parallel to this, the locomotor activity of the animals was measured during 24 h on WD1 and WD14. These experiments were performed either exactly at the hours at which rats were habituated to receive a cocaine injection or at another hour of the day. We showed that intermittent cocaine (IC) and binge cocaine (BC) treatments induced distinct behavioral and neurochemical consequences with different time courses. The second aim of this study was to investigate the behavioral and neurochemical responses to an acute cocaine challenge following chronic cocaine pretreatment. Here again, we showed that the patterns of chronic cocaine administration induced distinct consequences, with behavioral and neurochemical sensitization only observed following the binge treatment.

Materials and methods
=====================

Animals
-------

Male Sprague-Dawley rats (Janvier, Le Genest-Saint-Isle, France) weighing 275--300 g at the beginning of the treatments were housed on a 12-h light/dark cycle in a temperature- (22±1 °C) and humidity-controlled (50±5%) environment and had access to food and water *ad libitum*. Animals were treated in accordance with the *NIH Guidelines for the Care and Use of Laboratory Animals*^[@bib8]^ (1996) and in agreement with the local ethical committee. The number of animals used and their suffering was minimized in all experiments designed.

Cocaine treatments
------------------

Animals were treated by an IC or a BC administration profile, consisting in intraperitoneal (i.p.) injections of 20 mg kg^−1^ cocaine hydrochloride (Francopia, Anthony, France), dissolved in saline (0.9% (w/v) NaCl) during 14 days, once daily at 1000 hours for the intermittent profile and three times a day at 1000, 1300 and 1600 hours for the binge profile. All animals received 1 ml kg^−1^ of their bodyweight. Control groups were treated with saline in the same conditions (intermittent saline (IS) or binge saline (BS)). Immediately after injection, rats were returned to their home cages.

Behavioral study
----------------

Locomotor activity was evaluated on WD1 and WD14 after the end of the treatments (see [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), in an actimeter (Immetronic, Pessac, France) composed of eight cages (34 × 21 × 19 cm) under low illumination (\<5 lux). One rat was placed in each box to record its movements. Displacements were measured by photocell beams located across the long axis and above the floor. Vertical and horizontal activity was recorded and expressed in scores (mean±s.e.m.) as the total number of interruption of the photocell beams. The 12/12 h light/dark cycle was respected.

For the spontaneous locomotor activity on WD1: animals were placed during 24 h in the actimeter 2 h after the last injection of the chronic treatment; and on WD14: the same protocol was used, animals were placed during 24 h in the actimeter in day 27 plus 2 h.

In other groups of animals, we have evaluated the locomotor activity response to cocaine (20 mg kg^−1^, i.p.) or saline challenge; animals were challenged out of the usual hours of the injection treatment (on WD1 and WD14) and immediately placed in the actimeter during 1 h.

Neurochemical study
-------------------

### Surgery:

Rats were anesthetized by an i.p. injection of a mixture of ketamine/xylazine (80/10 mg kg^−1^) and placed in a stereotaxic apparatus (Unimécanique, Eaubonne, France). A guide cannula (CMA 12, Phymep, Paris, France) was stereotaxically implanted in the nucleus accumbens core (Nacc). The coordinates, taken from the atlas of Paxinos and Watson (1998),^[@bib9]^ were +1.6 mm anterior to the interaural, +1.4 mm lateral to the midline and −6.0 mm under the skull surface. Animals were used for experiments after a recovery period of 1 week.

Judgments about cannula placements in the Nacc were made by an observer who was blind to the results obtained with individual rats. Only the rats implanted into the Nacc were analyzed in the study (the fail rate for the implantation was 5/100, [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Microdialysis procedures were done on WD1 and WD14 after the end of the treatments ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). Rats were gently restrained, the stylus was removed from the guide cannula and the probe (CMA 12 Ellit, 2 mm, Phymep) was implanted and perfused at 2 μl min^−1^. The perfusate consisted in artificial cerebrospinal fluid containing (in mM) NaCl 140, KCl 4, MgCl~2~ 1, NaH~2~ PO~4~ 0.1, Na2HPO~4~ 1.9 and CaCl~2~ 1.2 (pH=7.4). After 2 h equilibration of the microdialysis membrane, samples were collected every 30 min in tubes containing 5 μl HClO~4~ of 0.4 M to prevent DA oxidation and conserved at −80 °C until the quantification.

For the measure of the DA level at injection hours and evaluation of the neurochemical response to a cocaine challenge, the samples collection occurred on WD1 and WD14.

For the DA basal level, two samples was collected out of the usual hours of chronic injection treatment, then two other samples was collected at the exact hour when rats were habituated to receive cocaine without any injection. We have evaluated DA release to a cocaine challenge; few hours later, out of the usual hours of injection chronic treatment, two samples were collected following i.p. challenge injection (cocaine or saline).

To exclude effect of association drug-spatial cues, drug treatment was performed in a different room of the microdialysis room.

### DA analysis:

DA content was determined as previously described^[@bib10]^ using HPLC apparatus coupled to electrochemical detector (Coulochem III, ESA, Chelmsford, MA, USA).

Statistical analysis
--------------------

The neurochemical studies in drug-free conditions were analyzed by a two-tailed *t*-test. A one-way analysis of variance (one-way ANOVA) was used to analyze locomotor activity in response to a cocaine challenge. A two-way ANOVA was used for the analysis of the locomotor activity measured during 24 h in drug-free conditions (treatment × time), and for the analysis of DA levels in the Nacc following a cocaine challenge injection (treatment × microdialysate). The Bonferroni test was used for *post-hoc* comparisons.

Results
=======

Spontaneous neurochemical and behavioral consequences of chronic cocaine treatment
----------------------------------------------------------------------------------

### Spontaneous locomotor activity

The measure during 24 h of locomotor activity 2 h after the last injection of treatment showed differences in behavioral regulation ([Figure 1](#fig1){ref-type="fig"}). A two-way ANOVA showed a significant treatment × time interaction for the intermittent profile on WD1 (F~(1,20)~=2.36, *P*\<0.001) ([Figure 1a](#fig1){ref-type="fig"}), with a significant time effect (F~(1,20)~=5.39, *P*\<0.0001), but no treatment effect (F~(1,20)~=1.39, NS). *Post-hoc* analysis showed an increase of locomotion for the IC group as compared with the IS group during the 24th and 25th hour after the last injection, corresponding exactly to the hour when rats were habituated to be injected. This effect did not persist after 14 days of withdrawal ([Figure 1b](#fig1){ref-type="fig"}) as no significant treatment × time interaction (F~(1,19)~=1.05, NS) was observed, with no treatment effect (F~(1,19)~=1.75, NS), but a significant time effect (F~(1,19)~=12.05, *P*\<0.0001).

Unlike intermittent-treated animals, the locomotion of binge animals on WD1 or on WD14 was not changed during the 24 h of measurement in comparison with the saline ([Figures 1c and d](#fig1){ref-type="fig"}). However, significant treatment × time interactions were observed, which were mainly due to a higher locomotor activity measured during the first hour, in the cocaine-treated animals in comparison with saline group (WD1 [Figure 1c](#fig1){ref-type="fig"}: treatment × time interaction: F~(1,25)~=2.15, *P*\<0.01, treatment effect: F~(1,\ 25)~=0.14, NS and time effect: F~(1,\ 25)~=4.31, *P*\<0.0001; WD14 [Figure 1d](#fig1){ref-type="fig"}: treatment × time interaction: F~(1,21)~=2.26, *P*\<0.001, treatment effect: F ~(1,\ 21)~=0.36, NS, and time effect: F~(1,21)~=4.21, *P*\<0.0001).

As shown in [Figure 1d](#fig1){ref-type="fig"}, we observed an increase in locomotor activity at day 27 after the beginning of the treatment in the BC group as compared with the saline group between time point +4 and +10 h. However, this increase was not statistically significant.

### Basal extracellular level of DA

At a time that did not match the hours of injection, the levels of extracellular DA was evaluated in the Nacc using microdialysis in awake and freely moving rats.

As shown in [Figure 2a](#fig2){ref-type="fig"}, two tailed *t*-test revealed a decrease of basal DA levels, 1 day after the end of the treatment, for the IC and BC groups in comparison with their respective saline control group ([Figure 2a](#fig2){ref-type="fig"}, IC: *n*=15, t~(13)~=2.49, *P*\<0.05; BC *n*=13, t~(11)~=2.50, *P*\<0.05). This effect persisted after 14 days of withdrawal for the IC group (WD14, [Figure 2b](#fig2){ref-type="fig"}, *n*=15, t~(13)~ =2.57, *P*\<0.05). No significant difference in basal levels of DA for the BC group in comparison with the BS group was observed.

### Injection hour extracellular level of DA

As shown in [Figure 3](#fig3){ref-type="fig"}, two tailed *t*-test revealed a significant increase of extracellular DA levels in the Nacc core, 1 day after the end of treatments as compared to the basal levels, at the time corresponding to the injection hours for both treatment profiles, IC (*n*=20, t~(18)~=3.81, *P*\<0.01) and BC (*n*=12, t~(10)~=2.36, *P*\<0.01). Interestingly, this effect was still observed on WD14 only in the IC group (*n*=15, t(~13)~=2.86, *P*\<0.05) ([Figure 3b](#fig3){ref-type="fig"}).

Behavioral and neurochemical responses to a cocaine challenge (out of the usual hours of injection treatment)
-------------------------------------------------------------------------------------------------------------

### Locomotor activity

As shown in [Figure 4](#fig4){ref-type="fig"}, the locomotor activity responses observed for 1 h immediately following saline or cocaine administration on WD1 or WD14 days were not modified in IC group in comparison with the control group. One-way ANOVA showed a significant effect of cocaine challenge, with an increase in the locomotor activity in both cocaine- and saline-treated animals (WD1, [Figure 4a](#fig4){ref-type="fig"}: intermittent: F~(3,\ 43)~=20.67, *P*\<0.0001; WD14, [Figure 4b](#fig4){ref-type="fig"}, F~(3,\ 44)~=23.50, *P*\<0.0001).

For the binge treatment, [Figure 4c](#fig4){ref-type="fig"} clearly showed a significant sensitization to the hyperlocomotor effect induced by cocaine on WD1 (F~(3,\ 41)~=40.89, *P*\<0.0001; Bonferroni BS challenge cocaine vs BC challenge cocaine *P*\<0.01). On WD14, the locomotor activity was not modified in comparison with the control group. One-way ANOVA showed a significant effect of cocaine challenge, with an increase in the locomotor activity in both cocaine- and saline-treated animals (F~(3,\ 40)~=20.21, *P*\<0.0001). No differences in the locomotor activity responses were observed after a cocaine challenge, between the cocaine- and saline-treated animals.

### Extracellular DA level

As shown in [Figure 5a](#fig5){ref-type="fig"}, cocaine challenge on WD1 induced an increase in the extracellular DA levels in IC and IS-treated rats as compared with animals that received a saline challenge treatment (interaction: F~(3,\ 21)~=3.03, *P*\<0.01, treatment effect: F~(3,\ 21)~=4.72, *P*\<0.05, time effect: F~(3,\ 21)~=11.76, *P*\<0.0001,). Similar results were observed on WD14 (two-way ANOVA: interaction: F~(3,\ 20)~=2.84, *P*\<0.01, treatment effect: F~(3,\ 20)~= 3.39, *P*\<0.05, time effect: F~(3,20)~=8.76, *P*\<0.0001) ([Figure 5b](#fig5){ref-type="fig"}).

In the BC profile on WD1, the two-way ANOVA showed a significant interaction (F~(3,\ 24)~=2.37, *P*\<0.05), treatment effect (F~(3,\ 24)~=3.66, *P*\<0.05) and time effect (F~(3,\ 24)~=8.76, *P*\<0.0001). *Post-hoc* analysis revealed ([Figure 5c](#fig5){ref-type="fig"}) a greater increase of extracellular DA level following cocaine challenge in BC group (+164%±53.83 of basal levels), in comparison with the control group that received cocaine for the first time (+72%±46.87 of basal levels). As shown in [Figure 5d](#fig5){ref-type="fig"}, this neurochemical sensitization was not observed on WD14. (Two-way ANOVA: interaction: F~(3,\ 24)~=2.29, *P*\<0.05, treatment effect: F~(3,\ 24)~=5.39, *P*\<0.01, time effect: F~(3,\ 24)~=8.28, *P*\<0.001).

Discussion
==========

In the present study, the short- and long-term behavioral and neurochemical consequences of two distinct cocaine pretreatment regimens ('intermittent\' versus 'binge\') were compared. The main finding of this study is that IC and BC treatments induce different behavioral and neurochemical adaptations, which may be long-lasting.

The results indicated that chronic cocaine administration led to a significant lowering of the basal DA levels in the Nacc for both intermittent and binge treatments. Interestingly, this effect was long-lasting, as 14 days after the last injection a lower DA level was observed in IC group as compared with the IS group. However, it is interesting to note that the basal level for the BC treatment on WD14 seems be the same with the other cocaine groups. The decrease in DA level in the BS group observed on WD14 is complex to explain, although it is highly reproducible. BS rats received saline injection three times daily for 14 days, which may induce stress, well known to induce an inhibition of DA release in the Nacc.^[@bib11],\ [@bib12]^

The decrease of DA levels observed in cocaine-treated groups as compared with saline groups are consistent with other studies showing a decrease in basal DA levels in Nacc following a chronic 'binge\' cocaine injection paradigm,^[@bib13]^ in rats injected with cocaine twice daily for 9 or 14 days,^[@bib14],\ [@bib15]^ in rats that received a single daily injection of cocaine 10^[@bib16]^ or 18 days^[@bib17]^ and also in two mouse strains that received cocaine injection three times a day for 14 days.^[@bib18]^ However, it is also important to note that some studies have shown no change,^[@bib19],\ [@bib20]^ whereas others have shown an increase in the Nacc DA levels in rats that received a single daily injection of cocaine 10 days on WD1, WD3 and WD7^[@bib2]^ or on WD2 but not on WD12 and WD22.^[@bib21]^ In the majority of these studies, cocaine was administered at doses ranging from 10 to 30 mg kg^−1^, and in most of the cases, extracellular DA level was measured 24 h after the last injection of cocaine, but with few indications regarding the specific hour of the day at which the microdialysis experiments were performed. However, our results demonstrate for the first time that this parameter is crucial and may explain the differences of results of the previous studies. Thus, when microdialysis experiments were performed at the exact hours, which rats were habituated to receive a cocaine injection, an increase in DA levels was observed. This effect was long-lasting in the intermittent group, as this regulation was still observed 14 days after the last injection of cocaine. Therefore, although a low extracellular DA level was observed in the Nacc following BC and IC treatments, an increase in the phasic release was observed at the usual hours of cocaine injection. Several hypotheses may be found in the literature regarding these regulations. For instance, the lower DA levels are correlated to an increase in the density of the DAT binding sites and to a supersensitivity of D2 autoreceptors in the DA terminals.^[@bib22]^ On the other hand, several lines of evidence suggest that phasic release of DA from the ventral tegmental area to the Nac occurs at the time of anticipation of reward.^[@bib10],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^

Strikingly, behavioral analysis indicated an increase in locomotor activity at the hours of cocaine injection in the IC group. This behavioral response may be in good agreement with the increase on DA release observed at the same hours, as it is well established that DA has a key role in motor function. Cocaine may induce a memory trace, which can be evaluated at behavioral and neurochemical levels during the anticipation phase of the drug administration. Interestingly, the 'neurochemical memory\' was long lasting (WD1 and WD14) than the 'behavioral memory\' (only WD1). This is the first demonstration of a neurochemical memory without cues associated to cocaine administration. This memory observed, by choosing the right time point for behavioral and neurochemical testing, can be due to a disturbance of the circadian rhythm. Indeed, it has been demonstrated that chronic exposure to drugs of abuse affects the circadian rhythm of physiological functions and behaviors.^[@bib27],\ [@bib28],\ [@bib29]^ Moreover, psychostimulant-induced effects, such as behavioral sensitization and conditioned place preference, have been shown to follow circadian variations in their intensities.^[@bib30],\ [@bib31],\ [@bib32]^

The second aim of our study was to examine the effects of acute cocaine challenge on locomotor activity and DA release. In animal models, a hallmark feature associated with chronic exposure to drugs of abuse, including cocaine, is locomotor sensitization.^[@bib22],\ [@bib33],\ [@bib34]^ In some cases, this sensitized behavioral response is correlated with enhanced drug-induced DA responses in the Nac.^[@bib20],\ [@bib33],\ [@bib34],\ [@bib35]^ In this study, we demonstrated that the expression of a specific cocaine-induced behavior sensitization was related to the profile of administration. The binge treatment led to sensitization of locomotor effects of cocaine, whereas the intermittent treatment did not. These results are in good agreement with the literature, showing that patterns of administration are of particular importance, as they could determine duration and intensity of sensitization.^[@bib6],\ [@bib22],\ [@bib36]^ Interestingly, the locomotor sensitization observed in the binge group was associated to a DA release sensitization in the Nacc after a cocaine challenge on WD1. These results are supported by the reported increase in DA release in the Nacc in response to a subsequent challenge drug injection in animals previously exposed to cocaine.^[@bib22],\ [@bib33],\ [@bib34],\ [@bib35]^

Regarding the neurochemical and behavioral consequences of the two patterns of cocaine administration important differences were observed. Interestingly, it clearly appeared from the experiments performed to evaluate the spontaneous behavior and basal extracellular levels of DA in the Nacc that the ability of the DA system to adapt to an event was maintained in the intermittent group, whereas it was impaired in the binge group. Indeed, exactly at the hours at which rats were habituated to receive a cocaine injection, a spontaneous increase in DA on WD1 until WD14, with an increase in locomotor activity on WD1, were observed in the former group, whereas only a spontaneous DA release on WD1 was measured in the latter group. Moreover, following acute cocaine challenge behavioral and neurochemical sensitizations were only observed in rats previously exposed to binge treatment. It is well known that chronic cocaine exposure induces enduring neuroadaptations that collectively result in the loss of control over drug-seeking behavior. In particular, locomotor sensitization, the augmented response to cocaine following repeated exposure, has been shown to have predictive validity for other indicators of addiction. Thus, in our experimental conditions, the binge pattern may be associated with the development of important behavioral and neurochemical modifications. In contrast, the intermittent pattern allowed rapid locomotor and DA increase when animals anticipated the drug administration, and did not lead to locomotor sensitization, suggesting that the addicted state was not completely installed and the system is still able to adapt to a specific event.

In conclusion, the results obtained clearly illustrate that the pattern of administration is a crucial parameter that should be taken into consideration while exploring the behavioral and neurochemical alterations in animals. Another very interesting result was that scheduling a cocaine injection on a daily basis led to expectation and anticipation in our experimental model. This circadian process could explain learned drug-taking patterns in which individuals search for drugs of abuse at specific hours of the day generally in a specific environment.
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![Spontaneous locomotor activity. On WD1 (**a** and **c**) and on WD14 (**b** and **d**), locomotor activity was measured during 24 h according to the protocol paradigm. The arrows indicate the usual hours of injection during the intermittent or binge treatment. Results were expressed in counts per hour (mean±s.e.m.). \**P*\<0.05, Bonferroni test (*n*=9--14). B, binge; BC, binge cocaine; BS, binge saline; I, intermittent; IC, intermittent cocaine; IS, intermittent saline.](tp2012103f1){#fig1}

![Basal extracellular level of dopamine (DA) in the nucleus accumbens core (Nacc). Two dialysis samples were collected every 30 min on WD1 (**a**) and on WD14 (**b**) to determine basal level of DA in the Nacc out of the usual hours of injection treatment. Each column represents the extracellular dopamine levels in ng ml^−1^ (mean±s.e.m.). \**P*\<0.05 two-tailed *t*-test (*n*=6--10).](tp2012103f2){#fig2}

![Injection hour extracellular level of dopamine (DA) in the nucleus accumbens core (Nacc). Two dialysis samples were collected every 30 min on WD1 (**a**) and on WD14 (**b**) to determine the basal level of DA in the Nacc, then two dialysis samples were collected exactly at the time of the usual hours of injection for each treatment without a new injection. Each column represents the extracellular dopamine levels in ng ml^−1^ (mean±s.e.m.). \**P*\<0.05, \*\**P*\<0.01, two-tailed *t*-test (*n*=6--14).](tp2012103f3){#fig3}

![Locomotor response to an acute cocaine challenge. On WD1 (**a** and **c**) and on WD14 (**b** and **d**) animals received a cocaine or a saline acute challenge injection out of the usual hours of injection treatment. Locomotor activity was recorded during 1 h and expressed in counts per hour (mean±s.e.m.). \*\*\**P*\<0.0001, IS saline challenge vs IS cocaine challenge. \^\^\^*P*\<0.001 IC saline challenge vs IC cocaine challenge. ^+++^*P*\<0.0001 BS saline challenge vs BS cocaine challenge. ^\$\$\$^*P*\<0.0001 BC saline challenge vs BC cocaine challenge. ^\#\#^*P*\<0.05 BS cocaine challenge vs BC cocaine challenge; one-way ANOVA (*n*= 9--14). B, binge; BC, binge cocaine; BS, binge saline; I, intermittent; IC, intermittent cocaine; IS, intermittent saline.](tp2012103f4){#fig4}

![Extracellular dopamine (DA) in the nucleus accumbens core (Nacc) following an acute cocaine challenge. The dialysis samples were collected every 30 min out of the injection hour. The basal concentrations of DA in the Nac core, measured before the challenge injection, were (ng ml^−1^) for WD1, IS: 1.135±0.144, *n*=9; IC: 0.979±0.060 *n*=14; BS: 1.129±0.138, *n*=11; BC: 0.987±0.069, *n*=11 and for WD14, IS: 1.259±0.217, *n*=10; IC: 1.001±0.041, *n*=10; BS: 1.032±0.076, *n*=12; BC: 1.005±0.098, *n*=12. Results were expressed as percent (mean±s.e.m.) of baseline value obtained before a challenge administration of cocaine or saline (black arrow) out of the usual hours of injection treatment. \*\**P*\<0.01 IS saline challenge vs IS cocaine challenge. \^\^*P*\<0.01, \^\^\^*P*\<0.001 IC saline challenge vs IC cocaine challenge. ^+^*P*\<0.05, ^++^*P*\<0.01 BS saline challenge vs BS cocaine challenge. ^\$\$^*P*\<0.01, ^\$\$\$^*P*\<0.001 BC saline challenge vs BC cocaine challenge. ^\#^*P*\<0.05 BS cocaine challenge vs BC cocaine challenge; two-way ANOVA (*n*=4--7). BC, binge cocaine; BS, binge saline; c, cocaine challenge; IC, intermittent cocaine; IS, intermittent saline; s, saline challenge.](tp2012103f5){#fig5}
